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Strongly bound citrate stabilizes

the apatite nanocrystals in bone
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Nanocrystals of apatitic calcium phosphate impart the organic-
inorganic nanocomposite in bone with favorable mechanical prop-
erties. So far, the factors preventing crystal growth beyond the
favorable thickness of ca. 3 nm have not been identified. Here we
show that the apatite surfaces are studded with strongly bound
citrate molecules, whose signals have been identified unambigu-
ously by multinuclear magnetic resonance (NMR) analysis. NMR
reveals that bound citrate accounts for 5.5 wt% of the organic
matter in bone and covers apatite at a density of about 1 molecule
per (2 nm)?, with its three carboxylate groups at distances of 0.3
to 0.45 nm from the apatite surface. Bound citrate is highly con-
served, being found in fish, avian, and mammalian bone, which
indicates its critical role in interfering with crystal thickening and
stabilizing the apatite nanocrystals in bone.

nanocrystal stabilization | nanocomposite | organic-inorganic interface |
bone composition | solid-state NMR

he load-bearing material in bone is a fascinating organic-

inorganic nanocomposite whose stiffness is provided by thin
nanocrystals of carbonated apatite, a calcium phosphate, im-
bedded in an organic matrix consisting mostly of collagen, a
fibrous protein (1-5). The small (ca. 3-nm) thickness of the apa-
tite nanocrystals is favorable for mechanical properties, likely
preventing crack propagation (6). While the size and shape of
the nanocrystals have been studied extensively (4, 5), the mechan-
ism stabilizing them at a thickness corresponding to only about
four unit cells has not been elucidated. A better understanding
of the factors controlling the nanocrystals in bone is desirable
for prevention and treatment of bone diseases such as osteoporo-
sis, which causes millions of fractures each year (7), and for more
efficient synthesis of biomimetic nanocomposites (8, 9). In vitro
experiments have shown that carboxylate-rich proteins such as
osteocalcin and osteopontin (7) can affect hydroxyapatite crystal
formation and growth (10, 11). These observations might suggest
that such proteins limit nanocrystal thickening (12); however,
these proteins are not sufficiently abundant in vivo to bind to
all the nanocrystal surfaces at high enough area concentration;
possibly, they control the length of the nanocrystals (7).

Here we show instead that the surfaces of the apatite crystals
in bone are studded with strongly bound citrate molecules, at
a density of ca. 1/(2 nm)?, using advanced solid-state nuclear
magnetic resonance (NMR) as a unique tool for probing buried
interfaces. Citrate is quite abundant in bone (ca. 1 wt%, or 5 wt%
of the organic components) (13, 14). Before 1975, citrate in bone
was studied by simple wet-chemical methods and thought to reg-
ulate bone demineralization (14). However, citrate is no longer
even mentioned in most of the prominent literature on the bone
nanocomposite published during the last thirty years (1-5, 15—
18). We now highlight the importance of citrate in bone by de-
monstrating that it is not a dissolved calcium-solubilizing agent
but a strongly bound, integral part of the nanocomposite. Struc-
turally, citrate stands out among biomolecules in that it contains
an oxygen-bonded quaternary (nonprotonated) alkyl carbon,
which we have identified by NMR spectral editing. We show that
citrate signals dominate the NMR spectra of carbons near the
interface with apatite and estimate distances from the apatite sur-
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face. Further, we determine the area concentration of apatite-
bound citrate and confirm it by quantitative analysis of spin
exchange between !3C-labeled citrate adsorbed to purified bone
apatite. Thus, a quite comprehensive picture emerges of citrate
binding strongly to apatite and inhibiting an increase in apatite
nanocrystal thickness.

Results and Discussion

Fig. 1 A-C shows the '*C NMR spectra of fish, avian, and bovine
bone. Similar to previously published data (17-19), the spectra
are dominated by signals of collagen, the fibrous protein rich in
glycine (33%), proline, hydroxyproline, and alanine (each 11%)
that forms the matrix of the bone nanocomposite. The spectrum
of 13C near 3'P in bovine bone, obtained by '*C{3'P} rotational
echo double resonance (REDOR) NMR (17, 20, 21), i.e., with
13C observation and 3'P recoupling pulses, is shown in Fig. 1D.
Strong signals are observed at 182, 169, 76, and 49 ppm; those at
182 and 76 ppm, as well as the inorganic carbonate signal at
169 ppm, had been detected before (17, 18), but the strong signal
intensity near 49 ppm had not been recognized. We assign the
peaks at 182, 76, and 49 ppm to citrate (see structure at top
of Fig. 1) bound to the apatite surface, because the strong citrate
peaks of bone partially exchanged with uniformly !3C-labeled
citrate (Fig. 1E) and the signal positions of calcium citrate
(Fig. 1F) provide an excellent match. Citrate contains an oxy-
gen-bonded quaternary (nonprotonated) alkyl carbon, which is
quite rare among biomolecules; the slow H—C dipolar dephasing
of the 76-ppm signal in both citrate and bone (Fig. 1 G and H) isa
telltale sign of this nonprotonated carbon and thus of citrate. The
weak C—H dipolar coupling cannot be attributed to mobility
effects, because the 'H wideline spectrum (22) associated with
the 76-ppm carbon shows no motional narrowing (Fig. 2). We
agree with ref. 17 that the 76- and 182-ppm signals are not from
collagen, but the subsequent assignment to sugar residues (18, 19)
is not tenable for the majority of this signal, because the C—OH
carbons in sugars are protonated, not quaternary. The dominant
contribution of the nonprotonated carbon of citrate at 76 ppm
and the weak signal of anomeric (O—C—O) carbons near
100 ppm, which is a band characteristic of sugar rings (23), indi-
cates that the polysaccharide concentration is only about 1/4
of that of citrate. The intensity of the 76-ppm quaternary citrate
carbon peak (0.75% of the total spectrum) corresponds to a 4.5%
signal fraction of all six citrate carbons and ca. 5.5 wt% of citrate
in the organic component of bone, consistent with wet-chemical
analyses in the literature (13, 14).

In order to provide a more detailed picture of the bound
citrate, we have determined the distances of various citrate car-
bons from the apatite surface by analysis of the 76- and 182-ppm
signals in bone and in bone exchanged with uniformly *C-labeled
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Fig. 1. '3C NMR spectra of bone, of organic residues at the interface with
apatite, and of '*C-labeled citrate in bone. (A) Fish bone; (B) avian bone; and
(C) bovine bone. (D) Spectra of '*C near 3'P in bovine bone. Thin line: 3C{3'P}
REDOR difference (AS) spectrum (total measuring time: 19 d). Thick line:
Same data but with the spectrum S scaled up by 1.1 to match the 43-ppm
peak of Gly in Sy and thus remove signal of abundant interior collagen
residues. (E) Thin line: Spectrum of bovine bone with uniformly '3C-labeled
bound citrate, introduced after (partial) removal of native citrate by treat-
ment with hot dilute acid. Thick line: Same data after subtraction of the
collagen background, isolating the signals of bound citrate. (F) Spectrum
of calcium citrate, with minimal line broadening (thin line) and broadened
(thick line) to match that in (D) and (E). (G) Same as (F) after 40 ps dipolar
dephasing, which selects signals of carbons with weak C—H dipolar couplings,
i.e., nonprotonated C and mobile CH,. (H) Spectrum of bovine bone after
40 ps dipolar dephasing. Citrate signals are highlighted by red arrows.

citrate, using *C{3'P} REDOR NMR (filled symbols in Fig. 3 A
and B). A smaller distance gives rise to stronger '*C-3'P dipolar
couplings and a faster REDOR signal decay. The almost complete

Na citrate-2H20,
76 ppm

-50 1H -25 0 25 kHz

Fig.2. The 76-ppm '3*C NMR signal in bone is from an immobile (nonproto-
nated) C—OH group. (A) Wideline 'H spectra associated with 76-ppm '3C
signals in bone (solid red line) and sodium citrate dihydrate (dashed orange
line), from 'H-3C wideline-separation NMR. Both show no significant mo-
tional narrowing. (B) Corresponding "H spectra of NCH (protein backbone,
dashed line) and CH; groups. Only the latter, which undergo rotational
jumps, exhibit motional narrowing.
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long-time dephasing in *C{*'P} REDOR NMR (Fig. 34) proves
that most water-insoluble citrate is close to 3'P, i.e., bound to apa-
tite rather than precipitated as sodium or calcium citrate. Multi-
spin analysis of these REDOR data yields a distance of about
0.35 nm between the top 3'P layer and citrate carboxylates (for
details see ST Text). For citrate with '3C-labeled terminal COO~
groups, peaks at 178 and 180 ppm can be deconvoluted. The
dephasing of the two peaks is somewhat different, see Fig. 34,
corresponding to 0.33 and 0.45 (£0.05) nm from the top *'P layer,
respectively. Strongly asymmetric binding of only one terminal
carboxylate to the apatite surface, similar as in simulations of citric
acid on hydroxyapatite (24), would result in distances of 0.3 and
0.7 nm; most citrate molecules do not “stand up” like this on bone
apatite. Fig. 3B shows the REDOR dephasing of other carbons in
citrate. On average, the carboxylate carbons are slightly closer to
the interface than methylene and quaternary C, consistent with
carboxylate binding to calcium of apatite. All citrate carbons
are found at about 0.4 nm from the top phosphorus layer, which
means that the long axes of the citrate molecules are tilted only
slightly relative to the apatite surface. The *C{*'P} REDOR data
also exclude that phosphocitrate, which has been proposed as a
major form of citrate in bone (14), is significantly present; the
corresponding simulated curve (dashed) for a two-bond 3C-3'P
distance shows a much faster decay than is observed experi-
mentally.
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Fig. 3. Determination of distances of citrate carbons from bone apatite,
measured by '3C{3'P} REDOR NMR. The measured dephasing S/S, is plotted
along with simulated curves for distances zc., of 0.3, 0.35, 0.4, 0.45, and
0.5 nm of '3C from the first 3'P layer at the interface (see inset schematic
and Fig. S1). (A) Filled black circles: carboxylate resonance at 181 ppm in
native bovine bone; open circles: sum of terminal '*COO- groups in '3C-la-
beled citrate absorbed into bovine bone. Triangles pointing right and left:
Dephasing of 178- and 180-ppm '3C citrate signals, respectively. (B) Data
for the quaternary C-OH of citrate in bone (filled black squares), as well
as quaternary C—OH (Cqg, open squares), CH, (open blue triangles) and
the central COO~ (open purple circles) in '3C-labeled citrates absorbed into
bovine bone. Error margins were determined from the signal-to-noise ratios
in the REDOR spectra. The dashed curve is for a 3'C-3'P spin pair (two-bond
distance of 0.24 nm) as in phosphocitrate.
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The citrate area concentration on bone apatite can be calcu-
lated from the 3-nm thickness of the crystallites, the composite
density of 2.2 g/cm?, 50 vol% apatite, and 1 wt% citrate (see
SI Text). The resulting value of about 1 molecule per (2 nm)?
agrees with that found for citrate on purified bone mineral
(deproteinized bovine bone, NuOss™) from the citrate concen-
tration determined by '*C NMR (0.8 mg citrate per 190 mg of
bone mineral) and the specific surface area of 60 m?/g. Given
that a citrate molecule has a geometrical area of ca. 0.65 nm?
(25), citrate covers about 1/6 of the available apatite surface
area in bone.

In order to investigate the distribution of citrate in more detail,
we have probed the local citrate density in terms of *C-3C
dipolar couplings of '3C-labeled terminal COO~ groups in citrate
bound to the purified NuOss™ bone mineral, using '3C center-
band-only detection of exchange (CODEX) NMR with dipolar
13C spin exchange (26). In short, CODEX NMR yields the frac-
tion of 13C spins that, during a waiting period t,,, have not chan-
ged their frequency due to dipolar spin exchange with other 3C
nuclear magnets (26). If the doubly *C-labeled citrate molecules
were isolated from their neighbors, the CODEX data would level
off at a long-time value of 1/2 (26). The experimental data in
Fig. 4 drop below 1/2, proving contacts between different citrate
molecules on a 1.5-nm scale. The fast initial decay is due to the
13C spins separated by 0.5 nm within each molecule, while the
slope at longer times reflects mostly the distance to the nearest-
neighbor molecule. Simulations (described in the SI Text) give
good fits for area densities near the value of 1/(2 nm)? calculated
above, with moderate positional ordering of citrate molecules.
This result shows that the molecules cover most apatite surfaces
with the average area density.

Proof of citrate immobilization can be obtained from the NMR
data. The CODEX signal decay would be much more pronounced
than observed in Fig. 4 if large-amplitude motions of the carbox-
ylate groups occurred on the 10 s time scale (26). Large-amplitude
motions on the 10-ps (or faster) time scale are excluded by the
absence of motional narrowing in 'H-'3C wide-line separation
NMR, see Fig. 2, confirming strong binding of citrate to bone apa-
tite. Thus, citrate cannot be part of a surface layer of hydrated
mobile ions proposed by Rey et al. (3).

Based on these structural data, we propose the model of citrate
bound to apatite presented in Fig. 5, with a realistic citrate density
and orientation. The CH, groups of citrate facing the exterior may
give the surface a locally less hydrophilic character, making it
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Fig. 4. Distances between apatite-bound citrate molecules, probed by
CODEX '3C NMR with '3C spin exchange during the time t,,. Data points
(red circles) for citrate with terminal '*COO groups on purified bone mineral
are compared with fit curves for seven different citrate distributions
(Fig. S2). Data points for 2.5 times less citrate, with little intermolecular
spin exchange, are shown for reference as open triangles. Inset: One of the
best-fit distributions of '3C spins (black dots), with some citrate molecules
identified by ellipses.
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Fig. 5. Schematic of apatite-bound citrate (with oxygen of the carboxylates
in red) interacting with Ca?* on two surfaces of high morphological impor-
tance of an idealized bone apatite nanocrystal, at a realistic citrate surface
density of ca. 1/(2 nm)2. Calcium ions are blue filled circles on top and front
surfaces, P is green (omitted on the top surfaces), OH- ions are pink dots,
while phosphate oxygen is omitted for clarity. The hexagonal crystal struc-
ture projected along the c-axis (with greater depth of atoms indicated
by lighter shading) shown in front reveals various layers of phosphate and
calcium ions.

more compatible with the nonpolar proline and alanine residues
of the collagen matrix. Apatite is represented as ideal hydroxya-
patite, Ca;y (PO4)¢ (OH), (hexagonal unit cell with a =b =
0.944 nm, ¢ = 0.688 nm). Calcium ions in two planes of highest
morphological importance (27) are shown on the top left and
right. In the (1010), plane, Ca®* is spaced by c/2 = 0.34 nm,
which matches the 0.32 nm spacing between the centers of the
three COO™ groups of citrate. In the (1010), plane, spacings of
¢ = 0.688 nm match the distance between the terminal carboxy-
lates of citrate. The structure shown is an idealization of the
calcium- and hydroxide-deficient carbonated bone apatite; the
actual surface is probably reconstructed (28) and significantly
disordered. Adsorption of citrate purely at defects, such as steps
on certain crystal faces, seems unlikely given its relatively high
area density, and would result in stronger clustering of citrate,
at the defects, than observed in CODEX NMR.

Citrate in bone is fundamentally different from carbonate,
fluoride, sodium, magnesium, hydroxide (29), calcium, or phos-
phate ions, in that it is too large to be incorporated into the
apatite crystal lattice. Therefore, bound citrate must remain an
interfacial component that affects properties of the bone nano-
composite more profoundly than do simple substitutions of car-
bonate for phosphate or of sodium for calcium. Thus, we propose
that citrate bound to the nanocrystal surface stabilizes the apatite
nanocrystals by preventing their further growth. The crystallite
thickness of 3 nm corresponds to only 4 unit cells, which results
in a high surface energy that would make further crystal thicken-
ing favorable. Strongly bound citrate interferes with that thicken-
ing by inhibiting formation of additional phosphate layers.
Indeed, it has been shown in vitro that hydroxyapatite forms thin-
ner nanocrystals in the presence of citrate (30-32). In vivo, addi-
tion of citrate to calcium phosphate biocement for bone implants
improves biocompatibility (32, 33), and various citrate nutritional
supplements appear to prevent the onset of osteoporosis (34),
presumably by stabilizing the apatite crystals.

Citrate also stabilizes hydroxyapatite relative to other calcium
phosphates (35), possibly due to the good match between the
spacing of the terminal COO~ groups in citrate and the lattice
parameter c in apatite. Furthermore, citrate bound to collagen,
unlike neat collagen (7), initiates apatite crystallization in vitro
(36). Thus, citrate might play an important role not only in sta-
bilizing existing apatite nanocrystals, but also in crystal nucleation
during biomineralization in bone. The importance of citrate in
bone, which accounts for ~80% of all citrate in the body (14),
is confirmed by its presence in a wide range of vertebrate classes,
from fish to mammals, see Fig. 1 A-C. Citrate provides a larger
number of carboxylates for calcium binding in bone than do the
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proteins osteocalcin (37), osteopontin, and osteonectin (7) taken
together.

Conclusions and Outlook

By means of advanced solid-state NMR spectroscopy and distance
measurements, we have demonstrated that citrate is strongly
bound to the apatite nanocrystals in bone. Citrate accounts for
5.5 wt% of the organic fraction of the nanocomposite in bone,
and thus provides more COO~ groups for binding to calcium
of apatite than all noncollagenous proteins in bone combined.
The strong binding of citrate was proved by its close distance to
apatite and absence of large-amplitude motions. After removing
native citrate in bone by hot dilute acid treatment and replacing
it with 3C-labeled citrate, the distances of all carbons in citrate
from the apatite surface were measured. Two of the three carbox-
ylate carbons are slightly closer to the surface than are methylene
and quaternary C, whose similar distances of ~0.4 nm show that
the long axis of most citrate molecules is tilted only slightly relative
to the surface. The spacing of COO~ groups in citrate matches
that of calcium ions along the c-axis in apatite. The area density
of citrate on bone apatite is around 1/(2 nm)?, sufficient to make
the nanocrystal surface less hydrophilic. On the basis of these
data, a model of citrate bound to apatite was presented. Bound
apatite clearly interferes with nanocrystal thickening and is found
similarly in a wide range of vertebrate orders, which indicates its
important role in stabilizing the size of the nanocrystals at the
small thickness most favorable for mechanical properties and
for fast resorption during bone remodeling.

The discovery of apatite-bound citrate in the bone nanocom-
posite leads to various intriguing research questions. What is the
source of citrate in bone? At what stage of bone development
does citrate appear? How is the abundance of citrate on the nano-
crystal surface controlled? Is the citrate concentration abnormal
in diseased bone? Further, the measured NMR distance data will
be valuable as benchmarks for ab initio simulations of surface
binding of functional molecules.

Methods
Compact (cortical) bone was obtained from the midsections of femur bone
from a four-year-old cow and three-month-old chicken and cleaned of all
muscular and connective tissue, and of the marrow. The poorly mineralized
and porous surface layer of the femur was cut away with a sharp razor. Fish
bone was obtained from the ribs of tilapia, a fresh-water fish, which was
cooled to below 4°C shortly after the animal had been killed. The bone
was cryomilled in a SPEX 6750 Freezer Mill cryogenic grinder, washed in a
3:1 mixture of methanol and chloroform to remove any lipids, placed under
vacuum at 0.01 Torr and 233 K to remove all traces of solvent, equilibrated at
ambient humidity, and packed into 7-mm and 4-mm zirconia NMR rotors with
Kel-F® caps.

'3C-labeled citrate-exchanged bovine bone was prepared with 1,5-*C,,
2,4-13C,, or 3C; citric acid, all obtained from Isotec. We made 2 mM citrate
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solutions by dissolving 5 mg of each '3C-labeled citric acid in 13 mL deionized
water, and adjusted the pH to 7.4 by using NaOH. In order to extract native
citrate, degreased bovine bone powder was boiled at 80 °C for 24 h in dilute
acid made from distilled water adjusted to pH = 4 using hydrochloric acid.
The bone powder was removed from the dilute acid and washed until the
supernatant was pH neutral, then incubated in the 2 mM citrate solution
at 36.5°C for 7 d under gentle shaking, in order to allow the '3C-labeled
citrate to diffuse into the bone. Next, the citrate-exchanged bovine bone
was washed several times with deionized water to remove loosely attached
citrate. The residual water was removed via lyophilization.

The 3C-labeled citrate adsorbed onto the surface of NuOss™ bone miner-
al (deproteinized bovine bone, ACE Surgical Supply Co.) with particle size of
0.5-1.0 mm and specific surface area of 60 m? /g was prepared as follows. We
prepared 13 mL of 2 mM citrate solution by dissolving 5 mg citric-1,5-3C, acid
in 13 mL deionized water, and adjusted the pH to 7.4 using NaOH. After
adding the bone mineral matrix into the citrate solution, the mixture was
incubated at 36.5 °C with continuous gentle shaking overnight. The superna-
tant was decanted and the bone mineral was washed several times to remove
loosely attached citrate. Residual water was removed by freeze-drying.

The NMR experiments were performed using a Bruker DSX-400 spectro-
meter at 100 MHz for 3C, and 162 MHz for 3'P, in Bruker 7-mm double
resonance (for spectroscopy and CODEX) and 4-mm triple resonance (for
REDOR) magic-angle spinning probes at spinning frequencies between 4
and 6 kHz. The 90° pulse lengths were ca. 4.2 ps. Most of the '3C spectra
in Fig. 1 were recorded under magic-angle spinning of 5.3 kHz with total
suppression of sidebands (38). The cross polarization contact time was 1 ms
and the recycle delay 2.5 s. To select signals of carbons with weak C—H dipolar
couplings, spectra were also acquired with additional 40 ps of gated decou-
pling before signal detection. 'H-"3C wideline-separation spectra were mea-
sured on bovine bone at 4.3 kHz magic-angle spinning (MAS), with 0.2 ms
standard Hartmann-Hahn cross polarization and 60 t;-increments of 10 ps,
using multiecho detection (39) with spectral resolution (40) for sensitivity en-
hancement and reduction of the measuring time by a factor of about 10.

13C{3'P} REDOR (20) NMR data were obtained using a 4-mm Bruker triple
resonance probehead at 6 kHz MAS with recoupling times of Nt, =3 ms,
4.66 ms, 6 ms, and 7.66 ms. A four-step phase cycle along with composite
90°-180°-90° 3'P recoupling pulses was used to minimize pulse length errors
and achieve maximal dephasing (41). The 'H composite-pulse decoupling
power was yB; /(2z) = 66 kHz. Fig. 1D shows the sum of the '*C{3'P} REDOR
difference spectra AS = S,-S, where S, is the reference signal without pulses
applied to 3'P. The total measuring time for the REDOR spectra of bone was
19 d. In uniformly "3C-labeled citrate, '*C-'3C J-couplings result in fast loss of
the reference signal S, when the standard REDOR sequence is used. There-
fore, the dephasing of C, in uniformly '*C-labeled citrate was measured by
applying a selective soft Gaussian pulse of yB;/(2z) = 1 kHz, which removes
the J-coupling effects (42), to the C, resonance. CODEX '*C NMR data were
obtained for 1,5—‘3C2 citrate adsorbed onto the surface of NuOss™ bone
mineral at 4-kHz MAS with mixing times up to 20 s, and multiecho detection
was used for sensitivity enhancement.
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